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The Musculus complexus (pipping muscle) plays a primary role in the hatching of
the chick from the eggshell at the end of its embryonic life. Various metabolic and
cellular changes have been associated with the pipping muscle during development.
These studies profiled the pipping muscle at the molecular level by identifying proteins
which are associated with the developmental changes. In the first phase of the study,
protein expression profile of the Day 13 chicken embryo pipping muscle was obtained
using DDF with nano HPLC mass spectrometric analyzer. Identified proteins were
categorized based on Gene Ontology. In the second phase, pipping muscle lymph was
profiled from Day 20 chicken embryo using PCT with LTQ-Orbitrap mass spectrometric
analyzer. The identification of constituent proteins of the piping muscle provides a better
understanding of the complex cellular processes and functionality of the pipping muscle
with potential benefits for improving hatchability in the poultry industry.
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CHAPTER I
INTRODUCTION
The factors that culminate in the delivery of the mammalian embryo are primarily
derived from the mother‟s physiological mechanisms, such as the release of various birth
hormones. However, the “birth” of the chick is a different and interesting biological
process. The process by which the chick is „born‟ only involves its own physiological
mechanisms. The hatching of the chick embryo is determined by the embryo‟s changing
metabolism that drives it from the shell at the end of its embryonic life. A thorough
understanding of the chick‟s dynamic hatching muscle and its role in the hatching process
is an important step in using the chicken embryo as a model for various aspects of
vertebrate muscle development. Similarly, the understanding of various muscle proteins
which are being expressed during the chick‟s embryonic life can be of tremendous
benefit in improving hatching success. The objective of this study was to employ the tool
of proteomics to elucidate protein expression in the pipping muscle during early
embryonic development and provide basic information about the hatching muscle in the
modern day broiler embryo. We examined the protein expression profile of the pipping
muscle prior to lymph infiltration as well as its associated lymph.
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CHAPTER II
REVIEW OF LITERATURE
Avian embryo development
The development of the chicken embryo from fertilization to hatching is a rapidly
changing process. The morphology of the embryo changes from a blastocyst (cluster of
cells) to a fully developed and mature chick within 21 days of incubation. The process of
fertilization occurs by the fusion of two gametes (the ovum and the spermatozoa), to
produce the chick embryo. The protoplasmic components are complete at fertilization and
ultimately the process of cell division and embryo development subsequently begins
(Parkhurst and Mountney, 1988). This process of embryonic development is
characterized by the differentiation of primary germinal epithelia (the ectoderm,
endoderm and mesoderm) into various organs and systems during incubation. Generally,
the endoderm forms the stomach, colon, liver, pancreas, urinary bladder, trachea, lungs,
pharynx, thyroid, intestines, as well as the epithelium of the urethra. The ectoderm
develops into the nervous system, nerves, lens of the eye, connective tissues, hair, and
integuments. The mesoderm forms the skeletal system (skeleton, skeletal muscle, dermis
of skin), urogenital system, and the circulatory system (the heart, blood and lymph cells).
The morphology of embryonic development can be summarized in relation to the
different days of incubation (Phillips et al., 1944; Mauldin et al., 1990; Table 1.1).
On Day 1 of incubation, there is visible presence of the primitive streak along the
longitudinal axis of the embryonic body. Day 2 of incubation is associated with the
2

formation of the heart, blood circulation and various embryonic organs, which are
completed by Day 4 of incubation. On Day 6 and 7 of incubation, there is formation of
the beak and egg tooth, which marks the end of early embryonic development. The
appearance of a prominent feather tract, toe nails and down feathers occurs between Day
8 and 13 of incubation. By Day 14 of incubation, the embryo aligns on the long axis of
the egg, with the intestine contained within the abdomen, which marks the end of midembryonic development. By Day 18 and 19, the amniotic fluid disappears and the yolk is
withdrawn into the body cavity. Internal pipping of the eggshell membrane begins by
Day 20 of incubation, and by Day 21 of incubation, the eggshell proper is pipped and the
chicks hatch out.
Table 2.1
Day of
Incubation
1
2
3
4
5
6
7
8
9
10

Embryonic developmental stages between Day 1 and Day 21 of incubation
(Phillips and Williams, 1944; Mauldin and Buhr, 1990)
Embryonic events

Day of
Embryonic events
Incubation
Primitive streak, somite
11
Comb serrated, tail feathers
Heart beat, blood circulation
12
Eye lids closed
Amnion encircles embryo,
Overlapping scales on legs,
13
embryo on left side
down cover
Eye pigment, leg bud larger than
Embryo aligned with long
14
wing
axis
Small intestines taken into
Joints appear on legs and wings
15
abdomen
Beak and toe formation
16
Feather cover
Comb and egg tooth appear
17
Head between legs
Prominent feather tracts
18
Head under right wing
Amnionic fluid disappears,
Bird like appearance
19
yolk sac half withdrawn
Yolk sac drawn into body,
Toe nails appear
20
beak pips through
membrane (internal pipping)
21
Shell pipped, chicks hatch
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Developmental changes in the pipping muscle
General muscle development
The skeletal muscle of the embryonated chick is formed from the mesoderm. The
embryonic somite differentiates into three portions, the dermatome which represents the
primordial of the integument, the myotome which develops into the body wall muscle,
and the sclerotome which develops into the vertebrae and skull. Early skeletal muscle
development is characterized by increased myoblast proliferation and differentiation into
myotubes, adjoining of myogenic cells and the appearance of vesicles and tubules in the
cytoplasm of myogenic cells (Thomas et al., 2000). As the skeletal muscle continues to
develop, the myofibril becomes progressively organized with the development of the
sarcoplasmic reticula and formation of a network of contractile filaments (thick myosin
and thin actin). In addition, there is an increase in length and width of muscle fibers by
the addition of new sarcomeres and further muscle fiber differentiation, as well as an
increase in the number of myofibrils per fiber (Sturkie, 1986).
The embryonic pipping muscle development
Early muscle developmental changes have been described in the Musculus
complexus (pipping muscle) between Day 10 and 15 of incubation. The pipping muscle is
a unique skeletal muscle in comparison with other embryonic skeletal muscles. The
muscle hypertrophies significantly prior to hatching due to marked infiltration of lymph
(Pohlman, 1919). In the early stage of development, the pipping muscle is characterized
by the presence of numerous contracted and closely apposed muscle fibers with nucleoli
and cytoplasmic vesicles. The number of contractile fibers however, becomes
progressively decreased towards late embryonic development. The proportion of muscle
4

fibers present in the pipping muscle become less when lymph infiltration is maximum by
Day 20 of incubation, at which time the pipping muscle attains it maximum weight.
There is a decrease in the amount of lymph that occupies the pipping muscle until Day 5
post-hatch (Fisher, 1958). The avian muscle fiber types are distinguished as “slow twitch
and fast twitch” fibers based on their adaptability for contraction, structure, and
biochemistry. Generally, fast twitch fibers (fibrillenstruktur) have regular fibril
appearance and are adapted for rapid movement for short periods of time while the slow
tonus (felderstruktuv) have more granular and irregularly shaped fibrils and are adapted
for holding posture (Bock and Hikida, 1968). The slow twitch fibers are adapted for
intermittent contraction whereas the fast twitch fibers have more continuous contraction.
Fast twitch muscle does not utilize oxygen, and the energy required by the muscle is
provided in the form of glycogen by anaerobic enzymes.
Slow twitch muscles fibers contain an increased number of mitochondria and
utilizes glucose or fat in combination with oxygen, to produce energy. In contrast to the
pectoralis muscle of the chicken which is predominantly comprised of fast twitch fibers
(Doherty et al., 2004), the pipping muscle is predominantly composed of slow twitch
fibers, and undergoes muscular contraction during the process of hatching (Bock and
Hikida, 1968).
Metabolic and cellular events in the embryonic pipping muscle
Few studies relating to the metabolic and cellular changes of the pipping muscle
have been conducted. During late incubation, when the embryo prepares for hatching, the
pipping muscle is turgid with lymph and reaches its maximum weight, with an increase in
the relative concentration of proteins, glucose and glycogen (Pulikanti et al., 2010).
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Quantitative studies show that greater amounts of total glycogen, carbohydrates and
lipids occur towards the late stage of incubation (Smail, 1964). During embryogenesis,
fatty acids are the main source of energy for the developing embryo (Moran, 2007). Yolk
derived lipids accumulate within the tissue of the broiler embryo and serves as energy
source for utilization by the embryo during its development (Peebles et al., 1999).
As the embryo prepares for pipping and hatching, its energy needs are aided via
gluconeogenesis in the liver which supplies glucose to the pipping muscle and other
embryonic tissues (Moran, 2007 and Donaldson et al., 1994). Proteins are the main
source of glucose via gluconeogenesis, as carbohydrate reserve becomes depleted
towards the beginning of hatching (Christensen et al., 2001). An inverse relationship of
protein, glycogen and fat concentrations between the liver and pipping muscle during late
embryonic development has been established (Pulikanti et al., 2010). The relative
concentrations of protein and glycogen in the pipping muscle increase while the relative
concentration of fat in the muscle decreases between Day 15 and 19 of incubation.
However, the concentration of fat in the liver increases while the protein and glycogen
concentration decrease between Day 15 and 19 of incubation. As the pipping muscle
prepares for hatching, there is increase in protein, glucose and glycogen demands in the
piping muscle and less need of energy from fats. Therefore, though there is overall
increase in the concentration of hepatic fat, there is low concentration of fat in the
pipping muscle (Pulikanti et al., 2010).
Muscle cell death during pipping muscle development
Programmed cell death (PCD) in multicellular organism development is a
conserved and highly predictable physiological occurrence (Vaux et al., 1999). Apoptosis
6

is a specific type of cell death that functions to check cell proliferation in animal
development. Several intracellular mechanisms by which PCD occurs have been
described. PCD involves a proteolytic cascade controlled by a family of dedicated
intracellular regulatory proteins (Jacobson et al., 1997). A specific group of proteases
(caspases) are key in the execution of apoptosis, and over twelve proteins belonging to
this group have been identified in the mammalian cell (Primeau et al., 2002). Caspases
mediate PCD through a chain of reactions involving the cleavage of selected intracellular
proteins within the nucleus, endoplasmic reticulum and the cytosol (Jacobson et al.,
1997). The degeneration of muscle fibers in the pipping muscle during embryonic
incubation parallels a reduction in the total protein content of the muscle (Smail, 1964).
The phenomenon of cell death described by Rigdon et al., (1968) is descriptive of
apoptosis rather than necrosis. Necrosis is not a term that is synonymous with apoptosis.
Necrosis describes a cell that does not demonstrate viability and is no longer believed to
be functional as a result of rupture of the cell membrane, cell swelling, osmotic
imbalance, and reduction in cellular ATP. Therefore apoptosis can be distinguished from
necrosis on the basis of morphology and high ATP levels, which serves to drive the
process (Sandri et al., 1999). Apoptotic changes and not necrosis, has been found to be
consistent with normal tissue development in both vertebrates and invertebrates, and
occurs as a physiological process rather than a pathological process (Jacobson et al.,
1997).
Apoptotic cells exhibits varied cytological changes such as the presence of dense
hyper-contracted myofibrils with nuclear disruption, presence of cytoplasmic vesicles and
vacuoles, and plasma membrane and chromosome fragmentation (Primeau et al., 2002).
PCD in the head and neck muscles of the chicken embryo is a normal physiological
7

process that occurs during muscle development. It is characterized by widespread
degenerating primary myofibers with cytoplasmic vacuoles and damaged nuclear
envelope (Deedra et al., 1995). These degenerating features are most prominent from
Days 10 to15 of incubation and correspond with evidence of PCD. Similarly, evidences
of PCD, due to scattered immature primary myocyte with convoluted cell membranes,
have been associated with the conversion of the pipping muscle from an embryonic
muscle to a hatching muscle by Days 12 to16 of incubation (Hayes and Hikida, 1976). By
Day18 of incubation, there is a reduction in the degeneration of the head and neck
muscles with only a few scattered degenerating cells, and at Day 20 of incubation, muscle
maturation is complete with no signs of degeneration.
The pipping muscle lymph
The lymph is a clear, colorless ultra-filtrate of plasma derived from body tissues.
It has a composition similar to blood plasma and functions primarily to maintain
homeostasis for body tissues. The lymph constitutes approximately 20% of body weight
and is categorized based on its location and function (Leak et al., 2004). Interstitial lymph
is located between the cellular spaces in the body. Circulating lymph is transported
around the body by the vessels of the lymphatic system. The circulating lymph collects
cellular components resulting from tissue and organ metabolism and is conveyed by the
subclavian veins towards the thoracic duct (Clement et al., 2010). Serous lymph is
located within cavities such as cerebral ventricles and joints, while tissue lymph is
derived from parenchymatous organ and extracellular matrix. Tissue lymph is present
within the pipping muscle, and plays a significant physiological role as the embryo
approaches hatching. The lymph provides additional energy in the form of glycogen and
8

fat, and also provides a supportive mechanism to the pipping muscle during hatching
(Fisher, 1961). The exact mechanism by which the lymph infiltration occurs is not clear.
Fisher (1958) described the presence of bilateral lymph glands in the pipping muscle
which causes the marked infiltration of lymph and the subsequent enlargement of the
muscle prior to hatching. The sequential histological events occurring in the pipping
muscle from early development to hatching has been described (Fisher, 1958). On Day
15 of incubation, the muscle fibers are contracted and closely approximated, with the
presence of cytoplasmic nucleoli. The numbers of contracted fibers are fewer beginning
on Day 17 of incubation due to lymph infiltration, which serves to separate the muscle
fibers. Lymph infiltration is at its maximum by Day 20 of incubation, and is present
within and between the muscle fibers, and completely occupies the center of the muscle
(Figure 2.1; Fisher, 1958). At hatching (Day 21 of incubation), the lymph becomes less
obvious, but is still present in the muscle fiber. Subsequently, there is a decrease in the
amount of lymph following hatching until Day 5 post-hatch. Establishing the protein
profile of the normal pipping muscle lymph serves as a way to further understand the
physiology of the muscle as it approaches hatching. The protein profile of the lymph may
vary according to physiological and pathological processes occurring in the tissue or
body.

9

Figure 2.1

Histology of embryonic pipping muscle at 15 microns haematoxylin and
eosin stain. (3) Day 16 incubation; (4) Day 17; (5) Day 18; (6) Day 19; (7)
Day 20; (8) Day 21, hatching; (9-11) pipped but not hatched; (12) Day 5
post-hatch (Fisher, 1958).
Role of the pipping muscle in the embryo hatching process

Interest in understanding the chick‟s hatching mechanism dates back to over a
hundred years, and various hypotheses relating to this hatching mechanism has been
10

suggested. Hatching is a biological process that marks the end of the chick‟s embryonic
life, following its complete development. The embryo begins the hatching process by
breaking the eggshell membrane and the eggshell proper with the aid of the egg tooth
(Brooks, 1970).The pipping muscle is a paired muscle located superficially in the
anterodorsal cervical region, overlying the M. spinalis and M. biventer cervicis. It
originates from the neural spines of a few cervical vertebrae with insertion points on the
posterior edge of the skull (Fisher, 1958; Bock and Hikida, 1968). The muscle is bound
laterally by large lymph glands while an underlying perimysium and tendinous insertions
separates the muscle into three segments (Figure 2.2; Fisher, 1958).
The pipping muscle in the modern day broiler is greatly enlarged prior to hatching
and reaches its maximum size at about Day 20 of incubation, and rapidly decreases in
weight thereafter. Similar results were observed in Rhode Island Red chickens in which a
gradual increase in the wet weights of the pipping muscle began by Day 15 of incubation
and continued until Day 20, at which time it reached its maximum size (Fisher, 1958).
The enlargement of the muscle prior to hatching occurs primarily due to lymph
infiltration into the pipping muscle.

Figure 2.2

The position of the lymph glands along the lateral surface and the
segmented separation of the pipping muscle (Fisher, 1958).
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The lymph accumulates between bundles of muscle fibers and between fibers within each
bundle. Lymph infiltration is more pronounced in the pipping muscle because of the
presence of well-developed paired lymph glands along the lateral edges of the pipping
muscle (Figure 2.3; Fisher, 1958). The structure of the egg tooth and its function as the
primary tool by which chicks hatch was the earliest to be described. It was suggested that
the presence of the egg tooth on the tip of the beak in synchrony with the development of
the pipping muscle causes hatching to occur. The egg tooth reaches its maximum size at
Day 20 of embryonic development, at about the same time that the hatching muscle
reaches its maximum size, so that the pipping muscle functions in consonance with the
egg tooth at hatching (Smail, 1964; Fisher, 1958). Based on the position and morphology
of the pipping muscle during hatching, many authors have suggested that it is primarily
responsible for hatching the birds. The muscle provides the pressure that brings the egg
tooth against the shell and causes the egg tooth to break the shell. This was supported by
Fisher (1958), who noted that the pipping muscle fibers were contracted at the time of
pipping, and suggested that the force that breaks the eggshell during hatching occurs by
the elevation of the egg tooth, due to contraction of the pipping muscle supported by the
M. biventer and M. spinalis.
Keibel (1912) added that the pipping muscle primarily contracts to extend the
head and cause breaks in the eggshell. It was demonstrated by electrical stimulation that
the pipping muscle was able to contract and shorten even when turgid with lymph (Bock
and Abbott; unpublished data) and therefore primarily responsible for the embryo‟s
hatching process. The changes in the position of the head of embryonated chick towards
pipping and hatching have been described (Smail, 1964). The enlargement of pipping
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muscle exerts pressure on the egg tooth, forcing it against the shell sufficiently enough to
break it (Figure 2.4; Smail, 1964).

Figure 2.3

Lateral view of the pipping muscle of the hatching chick embryo with the
position of the lymph glands (Fisher, 1958).

Figure 2.4

The position of the pipping muscle and egg tooth during hatching process.
(A)The head is freely moving prior to rupture of the air-cell. (B) The
enlargement of the pipping muscle keeps the head in position, allowing
forward thrusting of the head. (C) The rapidly increased muscle size causes
a downward positional movement of the egg tooth. (D) The muscle
provides sufficient pressure to break the eggshell (Smail, 1964).
13

Proteomics and the avian system
System biology takes into account the relationship among proteins and their
interaction in a functional organism. In the field of avian biology, various proteins that
are involved with the development and functions of organ systems have been studied
using proteomics (Liu et. al., 2007). Proteomics deals with the determination of genes
and cellular functions at the protein level. It involves the identification, characterization,
quantification, evaluation and overall description of proteins, including their complex
interactions, within the genome of a cell, tissue or organ system (Lane, 2005). Proteome
profiling has aided the understanding of protein expressions patterns as well as their
interactions, in avian species (Liu et al., 2007). The tool of proteomics has led to the
suggestion of new protein functions and discovery of new pathways involved in normal
cellular physiology (McCarthy et al., 2006). Proteomics has also been used to understand
various system functions in the avian species, such as the avian immune system and its
interactions with disease organism, as well as muscle development (Liu et al., 2007).
Protein separation by Differential Detergent Fractionation
Separation techniques are required to increase proteome coverage of complex
proteins. Protein separation is used as a prior step to protein analysis by electrophoretic or
non-electrophoretic proteomics methods. Sample preparation technique is an important
step towards successful genomic, proteomic, and lipidomic studies. Complex mixtures
contain proteins which are expressed across a wide dynamic range and are either present
in low amounts or are difficult to isolate. The identification of less abundant proteins
from complex protein mixtures requires a pre-fractionation step prior to mass
spectrometry analysis. A pre-fractionation technique, differential detergent fractionation
(DDF) has been described (McCarthy et al., 2006). DDF is a detergent- based protein
14

separation technique that sequentially extracts cellular proteins based on their subcellular
location The method has been successfully used as a pre-fractionation step to
electrophoretic proteomics methodologies such as Two-dimensional electrophoresis
(2DE), and non-electrophoretic proteomics such as LC-MS/MS, to extract proteins and
increase proteome coverage in eukaryotic cells. DDF methodology takes advantage of the
chemistry of various detergents to physically combine with tissue cells and obtain
different proteins from their cellular location (Figure 2.5; McCarthy et al., 2005). The
detergent digitonin extracts the soluble cytosolic protein fraction from the cell. Digitonin
interacts with cholesterol to create pores in the membrane of the cell and extracts soluble
cytosolic protein. The detergent Triton X-100 extracts cellular membrane and organelle
protein fractions through the interaction of cyclic AMP with membrane receptors.
Membrane proteins play an important role in cell morphology, and are associated with
various physiological processes that occur within the cell such as cell adhesion, cell
proliferation, and cell differentiation (McCarthy et al., 2005). By first removing the
abundant cytosolic proteins, DDF is well able to extract more hydrophobic membrane
proteins by utilizing multiple detergents. DDF buffer containing Deoxycholate (DOC)
and Tween 40, extracts the nuclear protein fraction from the homogenized cell while the
insoluble protein fractions are extracted using a DDF buffer containing 5% sodium
dodecyl sulfate (SDS). In general, DDF yields distinct protein profiles based on their
characteristic compartmentalization within the cell, and therefore, provides functional
information about proteins in relation to their subcellular location (McCarthy et al., 2005)

15

Figure 2.5

Properties of detergents used for Differential Detergent Fractionation
methodology (McCarthy et al., 2005).

Pressure Cycling Technology (PCT)
Sample preparation techniques such as hydrostatic pressure cycling technology
(PCT) are currently utilized to complement existing analyzing techniques for nucleic
acids, proteins, and lipids. PCT is a detergent-free sample preparation technique used to
16

concurrently isolate and fractionate complex mixtures into classes of molecules (DNA,
RNA, Lipids and proteins). The PCT method utilizes alternating hydrostatic pressure
combined with organic solvent-based reagents such as aliphatic hydrocarbons and
fluorinated alcohols to extract cellular molecules from samples. These samples are then
centrifuged at 12,000 g and then fractionated into three phases. A stepwise protocol of
tissue fractionation by PCT has been described (Figure 2.6; Gross et al., 2008). The three
fractionated phases are: an upper liquid phase which contains the extracted lipids, a lower
liquid phase which contains protein, and a solid pellet phase which contains the nucleic
acids (RNA, DNA) and associated nucleic acid proteins.

Figure 2.6

Pressure cycling technology of cell and tissue extraction. Alternating
pressure cycles with organic solvents-based buffers results in the formation
of three fractionations (Gross et al., 2008).

17

The advantage of this extraction method is that isolated proteins do not require further
cleanup, since it is not a detergent- based technology. Therefore, the solvent containing
the proteins may be vacuum dried and directly subjected to protein analyzing techniques
such as 2DE or mass spectrometry (Gross et al., 2008).
Protein analysis and identification
The analysis of macromolecular protein complexes is an important step in the
understanding of cellular processes, such as protein transport, membrane signal
transduction, apoptosis, energy metabolism, and cell division (Aebersold et al., 2003).
Various tools have been employed for expression proteomics. These include the yeast
two-hybrid system, two-dimensional electrophoresis (2DE), and mass spectrometry. The
tandem mass spectrometry (MS/MS) method for protein analysis has become the
standard proteomic tool for most expression proteomics studies (Lane, 2005). The aspect
of proteomics that deals with the analysis of complex proteins found in eukaryotic cells,
tissues, and complex mixtures, requires highly sensitive and rapidly evolving analytical
techniques (Aebersold et al., 2003). The yeast two- hybrid system which utilizes yeast
protein GAL4 transcription factor to regulate galactolytic enzymes expression was the
first technique to be developed for characterizing protein-protein interactions and was
later followed by characterization of protein by 2DE (Fields et al., 1989). The 2DE
utilizes a separation of protein by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS -PAGE). SDS confers a uniform charge density on the proteins, so
that electrophoretic separation is based on protein mass. Proteins migrate through the gel
towards the anode, such that proteins of lower mass migrate faster than proteins of higher
mass. The relative position of each protein spot can then be mapped and visualized on a
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stained gel such as Coomassie Brilliant Blue (Wittmann - Liebold et al., 2006). Many
hydrophobic proteins are not well characterized by electrophoretic-based methodology,
because they are poorly soluble in electrophoresis buffer (Pasquali et al., 1997). In more
recent proteomic studies, the gel-based methods of protein separation have been replaced
with peptide separation by nanocolumn liquid chromatography (LC) techniques, linked
directly to a mass spectrometer. This method characterizes more membrane proteins, and
increase protein expression of complex protein mixtures (Delahunty et al., 2005).
Mass spectrometry (MS) measures the mass-to-charge ratio (m/z) of ionized
analytes, in gaseous phase. It consists of an ion source that ionizes peptides, a mass
analyzer that measures the m/z ratio of ionized analytes and a detector that registers the
number of ions from the analyzer (Lane, 2005). Electrospray ionization (ESI) and matrixassisted laser desorption ionization (MALDI) are the two commonly used techniques to
vaporize and ionize protein samples for MS analysis. The ES produces gaseous ions from
solution phase analytes and is therefore easily coupled to a liquid-based separation
technique such as LC, while, MALDI ionizes samples from a dry, crystalline matrix and
is used to analyze simple peptide mixtures. The ES converts solution analyte ions into
gaseous ions, which are then separated according to their m/z ratio by an electromagnetic
field in the mass analyzer. The mass analyzer plays a central role in the MS technology. It
is the means by which ions are separated and detected to generate information-rich ion
mass spectra. The analyzer is highly sensitive and has the ability to generate tandem MS
(MS/MS). There are four types of mass analyzer currently being employed in proteomic
studies. These are; ion-trap, quadrupole, time-of- flight (TOF), and fourier transform
(FT). The ion-trap analyzer first captures the ions for a certain time interval and then
subjects them to MS to detect their m/z ratios. The quadrupole mass analyzer is made up
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of four parallel rods that are located in a central axis, through which ions are continuously
introduced and are separated based on their m/z ratio. For protein analysis, the ion source
is coupled to the mass analyzer. Traditionally, ESI is coupled to ion traps and quadrupole
mass analyzers, and allows for generation of ion spectra subsequently from ionized
peptides.
A high efficiency nanocolumn liquid chromatography (LC) separation technique
linked to an MS has longed been introduced to proteomics studies. In this method,
macromolecular protein complexes are reduced to peptides and loaded onto a reverse
phase C18 column. The peptides from the nano-column are then eluted directly into the
ionization source at slow flow rate (100-200 nL/min for 10 – 30 secs) using acetonitrile
(ACN) gradient. A two–dimensional separation technique called multidimensional
protein identification technology (MudPIT) which utilizes an in-line system of biphasic
nanocolumn consisting of a strong cationic exchange resin (SCX) and a reverse phase
column (RP), coupled to tandem MS, is currently been employed for most protein
analysis (Link et al., 1999). The SCX acts as a peptide storage segment because it has a
much greater loading capacity than the RP column. Peptides are then “bumped” onto the
RP column in subsets with gradual increase in salt concentration in the LC gradient, and
the bumped peptides are then separated on the RP segment using an ACN gradient;
another peptide fraction is again released from SCX to the RP with an increase in salt
concentration, and the process is repeated until all the peptides in the SCX is resolved
(Delahunty et al., 2005). The two -dimensional separation prior to MSn, increases
proteome coverage and enhances the detection of low-abundance protein in complex
mixtures (Wolters et al., 2001). As peptides elute from the nanocolumn into the mass
spectrometer, scans are acquired in a data-dependent manner. The mass spectrometer
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acquires an initial MS scan by detecting and automatically selecting ions above a preset
ion current threshold, which are then subjected to MS/MS. Typically, three scans of
MS/MS (first, second, and third) are obtained for each initial MS scan, and these
represents the first, second, and third most intense ions in the initial scan.
Linear Quadrupole ion trap (LTQ)-Orbitrap is a compact high performance mass
spectrometric analyzer composed of a linear quadrupole ion trap coupled to an orbitrap
mass analyzer. The LTQ is coupled to the orbitrap mass analyzer, by the C-trap device
which is an ion storage device (Olsen et al., 2005). It achieves high mass accuracy and
sensitive resolution of small proteins (Macek et al., 2006). Peptide samples are
electrosprayed by a nano-electrospray chip into the LTQ, where proteins are further
fragmented in two stages of MS/MS and MS/MS/MS. The MS/MS/MS protein fragments
are then analyzed in the orbitrap. The orbitrap is composed of two electrodes. It records
image currents and signals and also obtains the mass spectrum from protein fragments.
The mass spectrum is then searched against the database, for protein identification.
During spectra acquisition, a dynamic exclusion prevents the continual selection of only
abundant ions so that less intense ions can be analyzed by MS/MS. Observed MS/MS
spectra are searched against a theoretical MS/MS spectrum of known amino acid
sequence, for protein identification. The SEQUEST software can be run directly on the
LCQ ion trap mass spectrometer to correlate theoretical and experimental fragmented
peptides for protein identification (Schieltz et al., 2001). These proteomics technologies
are now being employed to create a quantitative expression proteomics for protein
mixtures of considerable complexity.
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CHAPTER III
PROTEOME PROFILE OF THE PIPPING MUSCLE IN THE BROILER EMBRYO
Abstract
The Muscularis complexus (pipping muscle) of the day 13 broiler embryo was
profiled using differential detergent fractionation (DDF) and nano HPLC MS/MS. A total
of 676 proteins were expressed from all cellular compartments. The proteins were
characterized based on three organizing principles of Gene Ontology: molecular function,
cellular component, and biological process. For molecular function classification,
proteins involved in various “binding” processes were the most abundant (53.3%), the
cellular component classification revealed “intracellular” category proteins as the most
abundant (21.7%), while for biological process classification, proteins involved in
various “metabolic processes” were the most abundant (31.1%). The identification of
these proteins provides better understanding of cellular processes that occur in the
pipping muscle, such as signal transduction, apoptosis, energy metabolism, cell division,
and cell proliferation. We also demonstrated that DDF can be effectively used with nano
HPLC MS/MS for comprehensive cellular proteomics of complex tissue samples, and
compares favorably with previous studies. This study is the first proteomics analysis of
the pipping muscle in broiler chicken embryos.
Introduction
The broiler chicken spends approximately 21 days of its life as an embryo and,
therefore, serves as a readily accessible model for developmental biology research (Liu
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and Hicks, 2007). Hatching of the broiler embryo begins with its perforation (pipping) of
the eggshell membrane and eggshell proper (Moran, 2007). The pipping muscle is
primarily responsible for the embryo‟s pipping action, through flexion and extension of
the neck, which breaks the eggshell during hatching. The paired muscle is located
superficially in the upper cervical region, overlying muscles of the neck: muscles
spinalis, biventer, and splenius cervicis (Fisher, 1958). These neck muscles support the
pipping muscle, to achieve the pipping action towards the end of the chick‟s embryonic
life (Bock and Hikida, 1968). The pipping muscle undergoes very rapid developmental
changes during embryogenesis. The muscle grows from less than 0.4% of body weight on
Day 11 of incubation to approximately 1.93% of body weight by Day 20 of incubation,
after which time it completely regresses by Day 5 post-hatch. This development is
primarily due to rapid muscle cell hyperplasia and hypertrophy, in addition to lymph
infiltration (Fisher, 1958). Hatching muscle development, as with most skeletal muscle
development, is a highly organized process involving precise regulation of numerous
developmental changes. However, these cellular processes do not occur in isolation but
are usually directed by various intracellular interactions, and they involve a balance
between protein synthesis and protein degradation (Jacobson et al., 1997). Histological
evidences have shown typical early muscle development in the pipping muscle on Day 13
of incubation, prior to a rapid increase in lymph infiltration beginning between Days 14
and 15 of incubation (Ashmore et al., 1973). Proteomics contributes to the understanding
of the functionality of the system biology by revealing protein to protein interactions as
well as proteins that are regulated during muscle development. Proteomic techniques can
also be used to identify and functionally annotate possible pathways that are involved in
normal cellular function. Proteome analysis of the pipping muscle will provide
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information on proteome expression and regulation during broiler embryogenesis. This
provides the possibility of manipulating the pipping muscle proteins, to improve hatching
or shorten hatching time of broiler chicks. This phenomenon will potentially benefit the
poultry industry.
The proteome of the chicken pectoralis muscle has been largely profiled
(Tawatchai et. al., 2009). However, the proteome of the pipping muscle has not been
analyzed. Here, we present the characterization of the pipping muscle proteome in the 13
day-old broiler embryo using differential detergent fraction (DDF) and nano HPLC
MS/MS analysis.
Materials and Methods
Embryonated eggs were incubated under standard incubation conditions of
temperature (99.5 oF) and relative humidity (55 %). A pipping muscle sample was
collected from each of three Ross × Ross 708 broiler embryos on Day 13 of incubation.
The three muscle samples were washed in physiological saline buffer, immediately
frozen in liquid nitrogen, and stored at -80oC until further processing. The frozen tissue
samples (55 mg, 56 mg, and 62 mg) were manually ground using mortar and pestle in
liquid nitrogen, into fine powder. The powder was subjected to a DDF protein extraction
method as described previously by McCarthy et al., (2005). DDF is used to extract
proteins based on their cellular location within intact cells by using a series of detergents.
In this study, DDF was used to fractionate pipping muscle (Figure 3.2). Four DDF
extraction steps were performed on each of the three muscle samples resulting in a total
of twelve technical fractions. The four DDF extractions were designated as: DDF 1
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(soluble cytosolic proteins), DDF 2 (membrane proteins), DDF 3 (soluble nuclear
proteins) and DDF 4 (insoluble and nuclear matrix proteins).
For DDF 1 fraction, buffer containing the detergent digitonin was used to extracts
soluble proteins from the cell cytosol in eight sequential 30 minutes incubation steps.
Each step was incubated on ice for 30 minutes in 1 mL DDF buffer containing 1 mM
digitonin, and was centrifuged at 4 oC at 510 × g for 5 minutes. The cytosolic protein
fraction was contained in the supernatant, which was removed and stored at -80 oC. The
pellet was processed for membrane protein extraction. For DDF 2 fraction, solubilized
membrane and organelle proteins were isolated in one step, by incubation on ice for 30
minutes, in 100 μl of DDF buffer containing 10% Triton-X 100, and then centrifuged for
10 minutes at 5000 × g at 4 oC. The membrane protein fraction was collected from the
supernatant and stored at -80 oC. For DDF 3 fraction, the pellet was incubated in 100 μl
of DDF buffer containing 0.5 g deoxycholate (DOC) and 1 mL Tween 40 for nuclear
fraction extraction. The nucleus was disrupted using a homogenizer and was centrifuge at
6789 × g for 10 minutes at 4 oC. The nuclear protein fraction was collected from the
supernatant and stored at -80 oC. The pellet was frozen at -80 oC overnight to further
disrupt the nucleus and release the DNA and RNA. The disrupted samples were further
aspirated through an 18 gauge needle and treated with a mixture of 5 μl DNase I (50 μl;
Invitrogen, Carlsbad, CA) and 5 μl RNase A (50 mg; Sigma-Aldrich, St Loius, MO) for 1
hour at 37 oC to digest intact nucleic acids. The mixture was then centrifuged for 5
minutes at 12000 × g at 4 oC, and the supernatant was decanted and discarded. The
remainder of the pellet was then solubilized in 200 μl of DDF containing 5% sodium
dodecyl sulfate (SDS) and 10 mM sodium phosphate (pH 7.4) centrifuged at 12000 × g
for 5 minutes at 37 oC. The resulting supernatant containing insoluble proteins, DDF 4
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fraction, was stored at -80 oC. The sequential steps for the method of DDF employed are
given in Figure 3.1. Supernatant containing the proteins were precipitated with an equal
volume of 50% tricholoroactic acid (TCA) for 1 hour on ice. A 50% solution of TCA was
prepared by adding equal volumes of TCA and sterile Milli-Q water (MQW) on ice. The
precipitated protein was pelleted by centrifugation at 17900 × g at 6 oC for 5 minutes,
washed with 500 μl ice-cold acetone, vortexed and centrifuged at 17900 × g at 6 oC for 5
minutes. The supernatant was removed and the pellet containing the protein was then
dried at room temperature.
Extracted proteins (5 μg) were trypsin digested (Donaldson et al., 2009) and the
resulting peptides were lyophilized, and stored at -80 oC before being subjected to nano
HPLC MS/MS. At the time of analyzing, lyophilized tryptic digests were dissolved in 2%
acetonitrile (ACN), and desalted using a peptide macrotrap (Michrom TR1/25108/52).
Each sample was loaded on a macrotrap and washed with 250 μL of 2% ACN and 0.1%
formic acid (FA), to remove the digestion buffer.
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Figure 3.1

Sequential protein extraction by Differential Detergent Fractionation

After being washed, peptides were eluted from their respective trap using 150 μl
of 90% ACN and 0.1% FA, and the eluate was collected and dried using vacuum
centrifugation. To remove any detergents and other polymers which can interfere with
MS/MS analysis, samples were cleaned using a strong cation exchange (SCX) trap
(Michrom TR1/25108/53) as follows: Each dried, desalted sample was re-suspended in
250 μl of low salt buffer (5 mM sodium phosphate, 25% ACN, adjusted to a pH of 3
using FA). The solution was loaded on a SCX trap, and washed with 250 μl of low salt
buffer. Following the wash, each sample was eluted with high salt buffer (5 mM sodium
phosphate, 25% ACN, 0.25 M potassium chloride, adjusted to a pH of 3 using FA), and
the eluate collected and dried using vacuum centrifugation. The dried matrix of salt
crystals and peptides were then re-suspended in 20 μl of 5% ACN and 0.1% FA, and
loaded onto a BioBasic C18 reversed-phase column (THERMO) and washed for 20
minutes with 5% ACN and 0.1% FA, to remove any remaining salts before being
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transferred to a low retention auto sampler vial for nano-HPLC MSMS analysis. Peptide
separation was achieved using a Thermo Surveyor MS pump with a 110 minutes nano
HPLC method, consisting of a gradient from 5% ACN to 50% ACN in 75 minutes,
followed by a 20 minutes wash with 95% ACN and equilibration with 5% ACN for 15
minutes (all solutions contain 0.1% FA). Ionization of peptides was achieved via nanospray using a Thermo Finnigan Nanospray Source Type I, operated at 1.85 kV, with 8µm
internal diameter silica tips (New Objective FS360-75-8-N-20-C12). High voltage was
applied using a T-connector with a gold electrode in contact with the HPLC solvent. An
on-line LCQ DECA XP Plus (THERMO) ion trap mass spectrometer was used to collect
data over the 110 minutes duration of each HPLC run. Precursor mass scans were
performed using repetitive MS scans, each immediately followed by three MS/MS scans
of the three most intense MS peaks. Dynamic exclusion was enabled for duration of two
minutes and a repeat count of two minutes. Both the MS and MS/MS spectra were
searched against a Gallus subset of the NCBI database (May 2010, 18,830 entries)
[http://www.ncbi.nlm.nih.gov]. The protein sequences were reversed, and used as a decoy
database to allow for the calculation of a false discovery rate (FDR). The spectra were
presented to the search software Bioworks 3.2 EF2 (THERMO), and experimental data
were matched to the target and decoy databases, and protein identification was carried out
as published previously (Pechanova et al., 2010). The spectral (.raw) files were processed
with Bioworks 3.2 EF2 (THERMO) software, using TurboSequest algorithm. Search
parameters were set up as follows:

amu, Group Scan: 7, Minimum Group Count: 1, Minimum Ion Count: 15, Charge State:
Auto, MSn level: Auto, Peptide: 2.50, Fragment Ions: 0.5, Ion Series: B and Y;
32

Modifications: C=57.05 (differential) for carbamidomethylation of cysteins by
iodoacetamide, M= 32.0 (differential) for oxidation of methionines; Charge State
Analysis: “off ”.
All Bioworks non-filtered target and decoy result files (.srf) were uploaded to
ProteoIQ 2.0.01 (Bioinquire, Athens, GA) software for further validation and statistical
analysis. The following program parameters were set: minimum peptide length - 5 amino
acids, minimum 2 spectra per protein, minimum 1 peptide per protein, and maximum
FDR - 1%. Only the “Top” proteins were accepted as confident identifications (within a
protein group, each and every respective peptide could be matched to the top protein).
Protein identifications based on a single peptide were accepted only if the peptide was
detected multiple times.
Results and Discussion
A total of 676 proteins were identified. They were deposited in the PRIDE
database (http://www.ebi.ac.uk/pride; Experiment number 14845). Detailed proteins and
peptides data, including annotated spectral images for proteins identified by a single
peptide, are also freely accessible on-line at:
http://lsbi.mafes.msstate.edu/support_data/gallus/Pipping_ Proteome_results.html.
In the current study, we present a "purely descriptive" catalog of novel proteomic
data set of a single sample type, as a base data set for future studies. As with other studies
(Pechanova et al., 2010), the Gene Ontology (GO) was employed to achieve a broad
overview of the proteome functionality of this particular tissue's phenotype. There is no
much emphasis on individual proteins actual found in this study, as this would result in a
reductionist "laundry list" of "our favorite" proteins, since we do not know yet, the
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“interesting proteins”. Therefore, only a quantitative expression of identified proteins
based on three organizing principles of GO; molecular function, cellular component and
biological process is reported in this study. GO annotations (Ashburner et al., 2000) were
retrieved from the AgBase database (McCarthy et al., 2006) using the GORetriever toll.
The “Chick” and the “All AgBase and GO” databases were selected to search against.
Protein functions were summarized using the “Generic” GOSlim Set of the
GOSlimViewer and GOanna tool. Proteins were classified based on the three organizing
principles of GO: Molecular Function, Cellular Component, and Biological Process. The
GO annotations were available for all identified proteins.
For Molecular Function classification, 660 pipping muscle proteins (97.6% of 676
total) had assigned 2,375 GO terms belonging to 325 diverse functions, summarized into
21 GOSlim categories (Figure 3.2A). Binding (19.0%) and protein binding (18.1%)
activities were the most abundant functions, followed by nucleotide binding (12.9%),
catalytic activity (10.1%), hydrolase activity (5.3%), cytoskeleton protein binding (3.3%),
nucleic acid binding (1.5%), and lipid binding (1.1%). A number of similar proteins
involved in various molecular functions have been identified in the chicken pectoralis
muscle (Doherty et al., 2004). Lipid binding protein, apoliprotein A-I, has been shown to
be expressed in the skeletal muscle of chickens and acts as a local lipid transporter during
development (Tarugi et al., 1996). Other functions like transcription regulation (1.8%),
antioxidant activity (0.7%), carbohydrate binding (0.7%) and unknown molecular
function (0.2%), were assigned to a small number of proteins.
The distribution of pipping muscle protein based on Cellular Component was also
determined. A total of 602 proteins (89.1 %) had assigned 4,665 GO terms belonging to
231 cellular compartments, summarized into 15 GOSlim categories (Figure 3.2B).
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General terms “intracellular” (21.7%) and “cell” (19.4%) were most abundant, followed
by cytosol/cytoplasm (16.8%). Other compartments were mitochondria (4.1%),
cytoskeleton (3.7%), nucleus (3.6%), plasma membrane (2.7%), endoplasmic reticulum
(1.5%), and ribosome (1.1%). A small number of localizations were attributed to golgi
apparatus (0.8%), endosome (0.3%) and peroxisome (0.1%).
In regard to Biological Process, a total of 548 proteins (81.1%) had assigned
5,545 GO terms from 690 cellular functions, summarized into 21 GO categories (Figure
3.2C). The general term “metabolic process” (10.5%), was the most functionally
abundant, followed by fundamental metabolic processes: nucleic acid metabolism (3.8%),
carbohydrate, lipid and protein metabolism (3.2%), and primary metabolism (2.3%).
Terms were also available for proteins associated with the regulation of energy producing
pathways (1.4%). These pathways include glycolysis, gluconeogenesis, tricarboxylic-acid
cycle, and fatty acid oxidation. Common to most fast twitch muscles, the glycolytic
pathway provides the energy for muscle growth and contraction. The rapid muscle fiber
changes which occur in the pipping muscle during embryonic development suggests that
the muscle possesses the mechanisms that are necessary for high energy production
(Ashmore et al., 1973). In addition, β-oxidation of fatty acids provides energy for the
embryo during development (Moran, 2007). Similarly, as the broiler embryo develops
towards hatching, the glycogen and protein concentrations of the pipping muscle increase
(Pulikanti et al., 2010). Other abundantly represented proteins detected by our experiment
are a group of transport proteins (7.4%). These large protein complexes are integral
membrane proteins which have multiple trans-membrane domains and facilitate transport
of diverse molecules between cellular compartments. These proteins act as electron
carriers and channels (Pechanova et al., 2010). Transcription (1.8%) and translation
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(0.9%) regulation proteins were present in small numbers, as well. GO terms were also
available for proteins involved in the regulation of biological processes (9.6%) as well as
proteins associated with various developmental processes, such as multicellular
development (4.8%), embryo development (3.7%), cellular component organization
(5.3%), organelle organization (1.2%), cell differentiation and proliferation (4.9%), and
cell death (1.1%). Approximately 4% of terms were assigned to proteins responsive to
stimuli and stress. Heat shock proteins dominated this category. These proteins are likely
expressed in the pipping muscle to enable the embryo to cope with high incubational
temperature and humidity as well as the hatching process. Apoptotic changes have been
described in the neck muscles of the chicken embryo. This muscle cell degeneration is a
part of the normal sequence of changes in muscle physiology that occurs in the chicken
embryo on Days 10 through 15 of incubation (McClearn et al., 1995).
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Figure 3.2

Classification of Chicken pipping muscle protein based on GO for
Molecular Function (A), Cellular Component (B) and Biological Process
(C). Numbers in percentages (%) corresponds to the number of GO terms
assigned for a particular GO category.
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Programmed cell death involves a proteolytic cascade controlled by a family of
dedicated intracellular regulatory proteins (Jacobson et al., 1997). The presence of the
cell death proteins is suggestive that apoptotic changes occur in the pipping muscle as a
predictable physiological process. This study provides information about different
proteins that are expressed during the regulation of key cellular and metabolic processes
that are unique to the physiology of the pipping muscle. These proteins include those
which are associated with the regulation of energy production pathways, nutrient
reservoir activities, programmed cell death, response to stimuli, and carbohydrate, lipids
and protein transport. The understanding of the mechanisms by which these individual
proteins interact, will further provide knowledge on the functionality of the pipping
muscle and how these functions can be enhanced to aid the hatching process and provide
potential benefits for improving chick hatch.

38

References
Ashburner, M., C. A. Ball, J. A Blake, D. Botstein. 2000. Gene Ontology: Tool for the
unification of biology. Gene Ontol. Consortium Nat.Genet. 25:25-29
Ashmore, C.R., P.B. Addis, L. Doerr, H. Stokes. 1973. Development of muscle fibers in
the complexus muscle of Normal and dystrophic chicks. J. of histochemistry and
cytochemistry 21:266-278
Bock, W. J., and R. S. Hikida. 1968. An analysis of twitch and tonus fibers in the
hatching muscle. Condor 70:211–222
Doherty, M. K., L. McLean, J. R. Hayter, J. M. Pratt. 2004. The proteome of chicken
skeletal muscle: Changes in soluble protein expression during growth in a layer
strain. Proteomics 4:2082–2093
Donaldson, J. R., B. Nanduri, S. C. Burgess, M. L. Lawrence. 2009. Comparative
proteomic analysis of Listeria monocytogenesis strains F2365 and EGD. Appl.
Environ. Microbiol.75:366–373
Fisher, H. I., 1958. The “hatching muscle” in the chick. Auk 75:391–399
Jacobson, M. D., M. Weil, M. C. Raff. 1997. Programmed cell death in animal
development. Cell 88:347-354
Liu, H.C., and J. A. Hicks. 2007. Using Proteomics to Understand Avian Systems
Biology and Infectious Disease. Poult. Sci. 86:1523–1529
McCarthy, F. M., N. Wang, G. B. Magee, B. Nanduri, S. C. Burgess. 2006. AgBase: a
functional genomics resource for agriculture. Biomed. Chromatogr. Genomics
7:229
McCarthy, F. M., S. C. Burgess, H. J. van den Berg, M. D. Koter. 2005. Differential
Detergent Fractionation for Non-electrophoretic Eukaryote Cell Proteomics.
Journal of Proteome Research 4:316-324
McClearn, D., R. Medville, D. Noden. 1995. Muscle cell death during the development
of head and neck muscles in the chick embryo. Developmental dynamics 20:365377
Moran, E. T., 2007. Nutrition of the developing embryo and hatchling. Poult. Sci.
86:1043–1049
Pechanova, O., T. Pechan, S. Ozkan, F. M. McCarthy. 2010. Proteome profile of the
developing maize (Zea mays L.) rachis. Proteomics 10:3051-3055

39

Pulikanti, R., E. D. Peebles, R. W. Keirs, L. W. Bennett. 2010. Pipping muscle and liver
metabolic profile changes and relationships in broiler embryos on days 15 and 19
of incubation. Poult. Sci. 89:860-865
Tarugi, P., S. Nicolini, G. Ballarini, L. Marchi. 1996. J. Lipid Res. 37:493 – 507
Tawatchai, T., and M. Supamit. 2009. Proteome changes in Thai indigenous chicken
muscle during growth period. Int. J. Biol. Sci. 5:679-685

40

CHAPTER IV
PROTEOME PROFILE OF PIPPING MUSCLE LYMPH IN THE BROILER EMBRYO
Abstract
This study provides the first proteomic analysis of normal pipping muscle lymph
and offers a potential for the detection of proteins that are unique with the physiology of
the pipping muscle. This study employed pressure cycler technology (PCT) in
conjunction with a linear trap (LTQ)-Orbitrap (THERMO) mass spectrometric (MS)
analyzer, to characterize lymph protein in the pipping muscle. Lymph was extracted from
the pipping muscle at four varying pressure cycles using extraction buffer containing 50
mM ammonium bicarbonate and 10 mM Dithiothreitol (DTT). The analysis of identified
proteins was accomplished by combining all the results from all four extraction methods.
Hemoglobin subunits, albumin precursor, apolipoproteins, complement C3
protein, heat shock proteins, fibrinogen and transferrin were the most abundant and
commonly expressed proteins. These proteins are consistent with plasma proteins. A few
proteins were differentially expressed in each of the extraction methods and they include
alpha-enolase, annexin A1, aconitase 2, cofilin-2, FK506 binding protein 3, cytochrome c
and WD repeat domain 1. Characterization of the serous fluid of the pipping muscle,
revealed proteins that strongly suggest an ultra-filtrate of plasma, lymph, is present within
the pipping muscle during embryogenesis.
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Introduction
The lymph is composed of several proteins which are derived essentially from
filtered plasma, tissues metabolic products, lymphatic endothelium and associated
lymphoid tissues (Leak et al., 2000; Dieu, 1998). Body fluids are categorized as either
circulatory fluids (blood and lymph) or static fluids (cerebrospinal fluid, tissue fluid
synovial fluid in joints and vitreous humor in the eye). The lymphatic system is the part
of the immune system, made up of a network of lymphatic vessels that primarily drains
behind the blood vessels to collect body fluids (lymph) and transports them
unidirectionally towards the heart. The lymph performs a homeostatic function in the
body and is generally classified as interstitial, circulating, serous or tissue lymph, based
on its cellular location and function (Interewicz et al., 2004). Tissue lymph such as
pipping muscle lymph is derived chiefly from interstitial tissue fluids and is transported
through lymph capillaries back into blood circulation. Lymph nodes are absent in
chickens, and are replaced by small lymph vessels (lymph plexus), which drains its
interstitial lymph into the circulatory system.
Keibel (1912) first noted an enlargement in the size of the pipping muscle as a
result of accumulation of serous fluid in the muscle prior to hatching. Pohlman (1919)
confirmed the serous infiltrate as lymph and supported that the pipping muscle is
maximally infiltrated with lymph by Day 20 of incubation, and begins to withdraw from
the muscle after pipping. The pipping muscle is markedly infiltrated with tissue lymph in
comparison to the thigh muscle because of the presence of large lymph glands which lie
along its lateral surfaces (Fig. 2.2; Fisher, 1958). This phenomenon was also described in
the grebes, Franklin gulls and coots (Fisher, 1961). In the modern day Ross × Ross 708
broiler embryo, the pipping muscle reaches its maximum size at Day 20 of incubation
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and is markedly infiltrated with lymph at this time before rapidly regressing through day
5 post hatch (unpublished data). In the absence of detailed information on the
characterization of the pipping muscle lymph, we employed reproducible pressure cycler
technology (PCT) in conjunction with an LTQ-Orbitrap mass spectrometer, to identify
and characterize the protein component of pipping muscle lymph.
Pressure cycler technology (PCT) for tissue fractionation is a reagent-based
sample preparation technique used to simultaneously isolate and fractionate different
classes of molecules ( DNA, RNA, lipids and protein) from a single biological sample
(tissues, cells or complex protein mixtures). The method utilizes rapid hydrostatic
pressure to destabilize the cell-cell interactions and ensure a parallel recovery of proteins,
lipids and nucleic acids from the samples (Gross et al., 2008). The hydrostatic pressure
(up to 35,000 psi) is combined with aliphatic organic solvents and fluorinated alcohol to
extract molecules from the samples. This method was used to extract the lymph portion
of the pipping muscle without damage to the architecture of the muscle, resulting in
absence or less expression of highly abundant actin and myosin proteins of the skeletal
muscle. Proteins which are extracted by PCT can then be characterized on a mass
spectrometric (MS) analyzer. For the purpose of this study, we utilized an LTQ-Orbitrap
mass spectrometer in linear trap mode both for MS and MSMS, to analyze and identify
proteins. This high performance of the LTQ-Orbitrap mass spectrometric analyzer has
been advantagely used to separate complex protein mixtures as well as top-down protein
sequencing. The hybrid mass spectrometer is made up of a linear quadrupole ion trap for
accurate peptide fragmentation, coupled to the Orbitrap mass analyzer for subsequent
detection of fragmented peptides, producing high sensitivity measurement and resolution
of proteins (Macek et al., 2006). The proteomic methodologies employed in this study
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provides a protein expression profile of pipping muscle lymph under normal
physiological conditions and may serve as an additional reference for various lymph
proteomics studies, as well as provide information on unique proteins which can serve as
biomarkers.
Materials and methods
A pipping muscle sample was isolated from one 20-day-old Ross × Ross 708
broiler embryo. The extracted muscle sample was rapidly collected, immediately washed
in physiological saline buffer for about two seconds, snap frozen in liquid nitrogen and
immediately stored at -80 oC prior to analysis. The muscle sample (approximately 70 mg)
was subjected to four different lymph extraction methods. The non-homogenized tissue
was combined in a PULSE Tube (Pressure Used to Lyse Samples for Extraction) with 1.2
mL of 50 mM ammonium bicarbonate and 10 mM Dithiothreitol (DTT) and was
sequentially subjected to four varying pressure cycles that were applied using a
Barocycler. PCT extracted lymph from intact pipping muscle without destroying the
architecture of the muscle. The pressure cycles were applied in the following order: For
the extraction of chicken pipping muscle lymph (CPML1), no pressure was applied;
CPML2 was extracted utilizing one cycle of the PCT machine program at 5000 psi for 3
seconds; CPML3 was extracted utilizing 7 cycles of the PCT machine program at 5000
psi for 10 seconds and CPML4 was extracted utilizing 5 cycles at 10,000 psi for 5
seconds. After pressure cycling, samples were transferred to centrifuge tubes and
centrifuged for 15 minutes at 12,000 × g to establish phase separation. The protein
portion contained in the lower phase was transferred to another clean tube for further
analysis.
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The protein extract was vacuum-dried and trypsin digested in 200 µl volume of
sequencing grade trypsin at 37 oC and the resulting peptides were lyophilized and stored
at -80 oC, prior to mass spectrometry analysis (Donaldson et al., 2009). At the time of
analysis, lyophilized peptides were dissolved in 2% acetonitrile (ACN), and desalted
using a peptide macrotrap (Michrom TR1/25108/52). Each sample was loaded on a
macrotrap and washed with 250 μL of 2% ACN and 0.1% formic acid (FA), to remove
the digestion buffer. After being washed, peptides were eluted from their respective trap
using 150 μl of 90% ACN and 0.1% FA, and the eluate was collected and dried using
vacuum centrifugation. The samples were further cleaned using a strong cation exchange
(SCX) trap (Michrom TR1/25108/53). Each dried, desalted sample was re-suspended in
250 μl of low salt buffer (5 mM sodium phosphate, 25% ACN, adjusted to a pH of 3
using FA). The solution was loaded on a SCX trap, and washed with 250 μl of low salt
buffer. Following the wash, each sample was eluted with high salt buffer (5 mM sodium
phosphate, 25% ACN, 0.25 M potassium chloride, adjusted to a pH of 3 using FA), and
the eluate collected and dried using vacuum centrifugation. The dried matrix of salt
crystals and peptides were then re-suspended in 20 μl of 5 % ACN and 0.1 % FA, and
loaded onto a BioBasic C18 reversed phase column (THERMO) and washed for 20
minutes with 5% ACN and 0.1% FA, to remove any remaining salts before being
transferred to a low retention auto sampler vial for LTQ Orbitrap MS analysis. Ionization
of peptides was achieved via nano-spray using a Thermo Finnigan Nanospray Source
Type I, operated at 1.85 kV, with 8µm internal diameter silica tips (New Objective
FS360-75-8-N-20-C12). The final peptide mix was analyzed on Orbitrap (THERMO)
mass spectrometer in linear trap mode, for both MS and MSMS analysis. Precursor mass
scans were performed using repetitive MS scans, each immediately followed by three
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MS/MS scans of the three most intense MS peaks. Protein identification was based on the
detection of peptides multiple times and dynamic exclusion was enabled for duration of
two minutes and a repeat count of two minutes. Both the MS and MS/MS spectra were
searched against a Gallus subset of the National Center for Biotechnology Information
(NCBI) database (May 2010, 18,830 entries). The protein sequences were reversed, and
used as a decoy database to allow for the calculation of a false discovery rate (FDR). The
spectra were presented to the search software Bioworks 3.2 EF2 (THERMO), and
experimental data were matched to the target and decoy databases, and protein
identification was carried out as published previously (Pechanova et al., 2010). The
spectral (.raw) files were processed with Bioworks 3.2 EF2 (THERMO) software, using
TurboSequest algorithm. All Bioworks non-filtered target and decoy result files (.srf)
were uploaded to ProteoIQ 2.0.01 (Bioinquire, Athens, GA) software for further
validation and statistical analysis.
Results and Discussion
This is the first analysis of the proteome of broiler embryo pipping muscle lymph.
An identification of major proteins common to both lymph and plasma in bovine has
been previously reported (Leak et al., 2004; Clement et al., 2010). This study was
initiated on the primary hypothesis that the pipping muscle is maximally infiltrated with
lymph on Day 20 of incubation prior to hatching. A similar proteome profiling was
conducted on the pipping muscle of Day 20 Ross × Ross 708 broiler embryo, to
determine various proteins expressed in this tissue lymph. To ensure a wide coverage of
the pipping muscle lymph proteome, we employed four different pressure cycles on the
PCT as follows: CPML1 (No pressure applied), CPML2 (5,000 psi in one cycle), CPML3
46

(5,000 psi in 7 cycles) and CPML4 (10,000 psi in 5 cycles). Extracted lymph from each
CPML was assayed on a linear LTQ ion trap-Orbitrap mass spectrometer. The data
obtained from MS and MS/MS were searched against the chicken database of NCBI for
protein identification. Each CPML was independently analyzed, however, there was no
quantitative comparison between the methods. A total of 66, 48, 50 and 82 proteins were
identified from each pressure cycle CPML1, CPML 2, CPML3 and CPML4, respectively.
These proteins are reported as a combined dataset in this study. A combined total of 128
pipping muscle lymph proteins were identified and are listed in the summary protein
identification Table 4.1. In the current study, we present the functional description of few
proteins of interest that have been found in pipping muscle lymph, as a pilot step for
further characterization studies. We emphasized on the functionality of few individual
proteins found in this study, in order to identify “interesting proteins” that would be
characterized in future studies.
A total of 19 proteins (15% of the total identified) were common to all four
pressure cycles employed (CPML1- 4). This group consisted of albumin precursor,
transferrin, hemoglobin subunits, and apolipoproteins A-IV. Others non-lymph-specific
proteins were heat shock proteins, M-protein (striated muscle), elongation factor 2 and
phosphoglycerate kinase. We identified 18 proteins (14% of the total identified) that were
commonly expressed in three pressure cycles employed. This group consisted of
fibrinogen β, hemoglobin epsilon, ovalbumin, programmed cell death 6 interacting
protein, group specific component (vitamin D binding protein) and electron transfer
protein. A total of 24 proteins (19% of total identified) were commonly expressed in two
pressure cycles employed. This group consisted of proteins such as the fatty acid binding
proteins (FABP), vitronectin, annexin A1, fibrinogen gamma, complement C3 protein,
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and muscle phosphofructokinase. A total of 67 proteins (52% of total identified) were
differentially expressed across all the pressure cycles employed (CPML1- 4). These
proteins included gelsolin precursor, alpha-enolase, aconitase 2, heat shock protein 70
(Hsp70), protein disulfide-isomerase A3 precursor, 14-3-3 protein zeta, cytochrome c,
WD repeat domain 1and decorin precursor.
The protein component of lymph overlaps that of plasma, with a few differentially
expressed proteins. The plasma proteome can therefore be used as an indicator of lymph
proteins (Leak et al, 2004). The complex proteins present in the lymph are derived from
catabolic products of cells in the extracellular matrix and is therefore richer in complex
proteins due to a rapid rate of cellular changes in the tissues it drains (Goldfinch et al.,
2007). Hemoglobin, albumin, and fibrinogen are plasma proteins that have also been
consistent with lymph proteome (Leak et al, 2004). The expression pattern of these
proteins in this study supports that they are also an abundantly expressed lymph proteins.
Hemoglobin is an iron-containing protein attached to red blood cells, and transports
oxygen from the lungs to the tissues. Albumin is the most abundant plasma protein in
mammals, and it is essential for maintaining osmotic pressure of body tissue fluids
(Hawkins; 1982). Fibrinogen is a plasma protein necessary during blood coagulation.
Similarly, vitronectin is an abundant plasma glycoprotein found in the serum and
extracellular matrix and also a component of platelets that functions in hemostasis
(Preissner et al., 1998). Other plasma related proteins that have been identified in this
study include cytochrome c protein, which is a heme protein that acts as a component of
the electron transport chain in the mitochondria (Tafani et al., 2002), and the groupspecific component (vitamin D binding protein), a multifunctional protein found in most
body fluids including plasma, and facilitates the binding and transport of vitamin D in
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serum albumin and plasma (Esteban et al., 1992). Immunoregulatory proteins such as
complement component 3 (C3), plays a role in enhancing innate immunity by facilitating
antibodies induced pathogen clearance from the body. Deficiency of C3 leads to
susceptibility to bacterial infection (Lachmann, 1975).
A low expression of extracellular matrix protein (cytoskeletal proteins), in the
lymph proteome, suggests possibly that PCT is an effective method for extracting tissue
lymph since it does not drastically damage the muscle tissue. Gelsolin is an actin
modulating protein that exists in secreted and cytoplasmic forms. The secreted form is
up-regulated in plasma and freely binds to actin filaments and prevents actin-actin
complex formation, but down-regulated with reduction in cell differentiation
(Vandekerckhove et al., 1990).
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gi45382769
gi45383738
gi46048771
gi45383974
gi46048768
gi46195459
gi45384392
gi113206052
gi71897197
gi46048765
gi45384280
gi45383033
gi52138701
gi49225581
gi45384490
gi45382303
gi45384340
gi45382875
gi118405198
gi71896943
gi45383177
gi71895681
gi54020687
gi45382453
gi71894843

78 kDa glucose-regulated protein precursor
aconitase 2, mitochondrial
adenylate kinase isoenzyme 1
albumin precursor
alpha-enolase
annexin A1
apolipoprotein A-IV
apolipoprotein B
asparaginyl-tRNA synthetase
beta-enolase
calpain-1 catalytic subunit
cgABP260
cofilin-2
collagen alpha-1(VI) chain precursor
collagen alpha-1(XIV) chain precursor
complement component 3
creatine kinase B-type
creatine kinase M-type
cytochrome c
decorin precursor
dihydropyrimidinase-like 2
electron transfer flavoprotein, alpha polypeptide
elongation factor 1-alpha 1
eukaryotic translation elongation factor 2
fatty acid binding protein 3

Protein Name

Accession
72.0
85.7
21.7
69.9
47.3
38.5
40.8
523.0
64.1
47.2
80.3
280.3
18.7
107.9
202.5
184.0
42.8
43.3
11.7
39.7
73.4
36.7
50.1
95.3
14.8

Weight [kDa]

Summary of identified chicken pipping muscle lymph proteins

Table 4.1
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No. of
Peptides
2
2
3
18
3
2
9
2
2
5
2
13
2
2
3
2
8
39
2
2
2
2
2
8
2
5.1
4.2
20.1
33.1
6.5
8.8
28.9
0.7
5.2
11.8
4.8
8.1
16.9
2.4
2.6
1.8
9.9
25.2
29.5
7.0
4.6
10.1
11.3
11.1
18.8

Coverage

5.2
7.9
8.6
5.7
6.6
7.4
4.8
8.4
6.1
7.6
5.0
6.4
7.8
5.9
5.4
7.1
6.4
7.0
9.5
8.5
6.5
8.7
9.0
6.8
6.3

2
1
2
4
1
2
4
2
2
1
1
3
3
1
1
2
2
4
1
1
2
3
1
4
1

Calculated pI CPML

gi45383556
gi267844833
gi45384500
gi46048916
gi45384364
gi45384386
gi57524920
gi46048786
gi45382425
gi45384222
gi55742654
gi45384370
gi157954047
gi52138655
gi52138645
gi126165290
gi45384208
gi45383766
gi57530355
gi45384088
gi45383682
gi45384434
gi113206048
gi45382723
gi45384056
gi45383093
gi162952006
gi45385813

fatty acid binding protein 4, adipocyte
fibrinogen beta chain precursor
fibrinogen, gamma chain
FK506 binding protein 3, 25kDa
GDP dissociation inhibitor 2
gelsolin precursor
glucose-6-phosphate isomerase
glutathione S-transferase mu 2
group-specific component (vitamin D binding protein)
heat shock 27kDa protein 1
heat shock 70 kDa protein
heat shock cognate 71 kDa protein
heat shock protein HSP 90-alpha
hemoglobin subunit alpha-A
hemoglobin subunit alpha-D
hemoglobin subunit epsilon
L-lactate dehydrogenase A chain
L-lactate dehydrogenase B chain
malate dehydrogenase, cytoplasmic
M-protein, striated muscle
muscle phosphofructokinase
myomesin 1, 185kDa
myosin light chain 1, skeletal muscle isoform
myristoylated alanine-rich C-kinase substrate
ovalbumin
ovoglycoprotein
ovomucoid
ovotransferrin precursor

Table 4.1 Continued
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14.9
54.5
49.6
25.0
50.7
85.8
62.2
25.9
53.7
21.7
69.7
70.8
84.0
15.4
15.7
16.6
36.5
36.3
36.5
163.3
83.9
182.1
16.7
27.7
42.9
22.3
22.4
77.8

2
2
3
2
2
2
3
2
3
10
2
2
3
19
7
3
2
2
3
4
2
3
4
2
5
3
3
12

18.9
7.5
13.6
12.8
7.6
3.9
10.1
13.6
12.2
46.6
5.1
4.5
5.4
37.3
45.4
14.9
7.5
6.9
14.9
4.0
4.4
2.3
26.7
19.6
15.0
13.3
24.5
17.8

6.7
7.7
5.7
9.2
5.4
6.3
7.8
7.3
6.8
6.1
5.7
5.6
5.1
8.4
7.6
8.9
7.9
7.4
7.4
6.3
8.1
6.1
4.6
4.4
5.3
5.3
4.9
6.9

2
3
2
1
2
1
4
3
3
4
1
1
1
4
4
3
1
2
3
4
2
1
1
2
3
1
1
4

gi84619526
gi45384486
gi71895985
gi71896465
gi57530288
gi45383890
gi45382651
gi57529989
gi45382293
gi60592998
gi45383127
gi52138673
gi45382061
gi45382323
gi45382083
gi45382523
gi55741594
gi45382123
gi46048795
gi52138693
66.6
44.7
28.9
97.3
80.7
56.1
58.0
49.8
33.0
56.2
271.7
59.4
26.6
32.9
28.7
33.8
27.8
116.9
51.6
66.5

4
7
10
3
2
2
7
4
2
2
3
2
18
2
2
2
2
2
2
2

9.5
20.1
29.5
4.7
4.9
6.3
13.6
13.4
14.1
7.9
1.9
5.5
43.9
12.3
9.7
9.8
10.2
3.9
6.6
7.7

8.8
8.1
7.5
6.4
6.1
6.0
7.6
5.0
10.7
7.9
6.2
5.5
7.2
4.8
4.7
7.1
4.8
6.3
5.4
6.7

2
4
4
3
2
1
4
3
1
1
2
3
4
1
1
2
1
1
2
1

The frequency of identification of CPML4: Protein commonly identified in all four PCT methods. 3: Proteins common to at least
three of the methods. 2: Proteins commonly identified with at least two methods. 1: Proteins diffentially expressed and unique to
each method

phosphoglucomutase-1
phosphoglycerate kinase 1
phosphoglycerate mutase 1
programmed cell death 6 interacting protein
prolyl endopeptidase
protein disulfide-isomerase A3 precursor
pyruvate kinase, muscle
ribonuclease inhibitor
Rous sarcoma virus transcription enhancer factor II
ketoacid-coenzyme A transferase 1, mitochondrial
talin 1
T-complex protein 1 subunit theta
triosephosphate isomerase
tropomyosin alpha-1 chain
tropomyosin beta chain
troponin T, fast skeletal muscle isoforms
Tryptophan 5-monooxygenase activation, polypeptide
vinculin
vitronectin
WD repeat domain 1

Table 4.1 Continued
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It is possible that the occurrence of gelsolin in the pipping muscle lymph relates to
the formation of an actin-gelsolin complex during pipping muscle differentiation and
lymph infiltration by Day 20 of incubation. Beta-enolase is a cytoplasmic protein
associated with muscle development and regeneration, while troponin T forms a complex
with actin and enhances striated muscle contraction (Peshavaria et al., 1991). Similarly,
tropomyosin alpha-1 chain (TPM1) is an actin binding cytoskeletal protein in muscle and
non-muscle cells and facilitates ion-dependent muscle contraction. In humans, TPM1 is
highly expressed in cardiac tissues as well as skeletal muscle, and its deficiency has been
associated with various cardiac myopathies (Nakajima-Taniguchi et al., 1995). TPM1 has
been detected in primary breast cancer in Sudanese patients (Denz et al., 2004), but is
down-regulated in normal breast tissues. Programmed cell death 6 interacting protein
(ALIX) is a cytosolic protein which interacts with other proteins in the regulation of
apoptosis, cell proliferation and cytokinesis (Morita et al., 2007). The expression of this
protein is consistent with various cellular changes such as cell proliferation, apoptosis, as
well as muscle hypertrophy and hyperplasia, which occurs during pipping muscle
development (McClearn, 1995).
Signal transduction is produced by signaling molecules located in the extracellular
matrix which activate intracellular receptors and create a response. These signaling
molecules can either be proteins themselves (messenger proteins) or they can modulate
the functions of other proteins (adaptor proteins). The 14-3-3 protein zeta and tyrosine 3monooxygenase are adapter proteins that regulates many signaling pathway by binding to
various partners, usually by recognition of a phosphoserine or phosphothreonine motifs.
Other groups of proteins that were identified in the lymph proteome include the enzyme
proteins involved in regulation of energy production in the pipping muscle (Aconitase 2,
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muscle phosphofructokinase and FABP), and heat shock proteins (heat shock 27kDa and
heat shock 70 kDa proteins). The pipping muscle is a fast twitch skeletal muscle that
requires a significant amount of energy for muscle development and contraction.
Aconitase 2 and muscle phosphofructokinase are involved in the second stage regulation
of citric acid cycle pathway and glycolysis, respectively. The citric acid cycle is one of
the several metabolic pathways of generating usable energy by converting carbohydrates,
fats and proteins into carbon dioxide and water. Similarly, the FABP plays a role in the βoxidation of fatty acids which provides energy for the embryo during development (Glatz
et al., 1995). Heat shock proteins are upregulated in response to stress induced
incubational temperature, to protect the embryo.
In conclusion, the pipping muscle lymph proteome contains several complex
proteins which represent a pool of information. The proteome of the lymph and plasma
can be altered based upon various physiological and pathological changes occurring
within the body. These changes are pronounced in body fluids such as the lymph, because
the body fluids continuously perfuse the tissues of the body and thus can be used as
indicator of pathological changes and diseases. The identification of chicken lymph
proteins may lead to the discovery of novel proteins that are of significance to cancer
based research in the field of medicine.
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CHAPTER V
SUMMARY
The end of the embryonic life of the broiler embryo is signaled by various
responses that are dependent wholly on the embryo‟s physiological status. Typically,
chicken embryo development occurs in 21 days. The hatching process is initiated by Day
20 of incubation, with the chick‟s pipping of the internal eggshell membrane and by Day
21, when the thicker eggshell is subsequently and completely broken, the chick emerges.
The role of a particular hatching muscle, Musculus complexus (pipping muscle), has been
implicated to have a primary role in the pipping and subsequent hatching process. The
discovery of this muscle and its function dates back to over 100 years, and several studies
have been conducted to examine the role it plays in hatching. This current study as a
whole, examines the development of the pipping muscle at the molecular level by
employing proteomics. A good understanding of the functionality of the chick‟s hatching
muscle and its role in the hatching process can be useful in improving chick hatch. The
results obtained here compare favorably with earlier studies on the pipping muscle, and
significantly buttress its suggested role in the hatching process of the chicken embryo.
In the first phase of this study, we examined the muscle proteins of the Ross ×
Ross broiler embryo pipping muscle on Day 13 of incubation. The early muscle
development pattern in the Day 13 embryo prior to lymph infiltration provides a true
picture of the muscle proteins of the pipping muscle. Identification of the muscle proteins
was performed by using differential detergent fractionation in conjunction with nano57

HPLC Mass spectrometer. All identified proteins were classified based on Gene
Ontology and were seen to be involved in a wide range of cellular activities.
In the second phase of the study, we characterized the lymph portion of the
pipping muscle from a broiler embryo on Day 20 of incubation. During embryonic
development, the pipping muscle attains its maximum weight by Day 20 due to lymph
infiltration. For the lymph protein expression profile, pressure cycling technology in
conjunction with LTQ Orbitrap mass spectrometric analyzer was employed. A total of
128 proteins were identified from the lymph. Proteins that were abundantly expressed in
the proteome profile strongly support the infiltration of the pipping muscle with lymph.
Several other complex proteins identified from the lymph were based on the association
of the lymph with surrounding tissues. This study on the pipping muscle provides a base
of information from which more specific studies can be developed.
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